ABSTRACT Antimicrobial peptides interact specifically with the membrane of a pathogen and kill the pathogen by releasing its cellular contents. Protegrin-1 (PG-1), a b-hairpin antimicrobial peptide, is known to exist as a transmembrane monomer in a 1,2-dilauroylphosphatidylcholine (DLPC) bilayer and shows concentration-dependent oligomerization in a 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) bilayer. To examine its structure, dynamics, orientation, and interaction in membranes, we performed comparative molecular dynamics simulations of PG-1 monomer and dimer in DLPC and POPC bilayers for a total of 840 ns. The PG-1 monomer exhibits larger tilting in DLPC than in POPC due to a hydrophobic mismatch. PG-1 tilting is dependent on its rotation angle. The specific orientation of PG-1 in membranes is governed by the interactions of its aromatic residues with lipid headgroups. The calculated 15 N and 13 CO chemical shifts of Val 16 in DLPC reveal that there are different sets of tilt and rotation angles that satisfy the experimental values reasonably, suggesting that more experiments are needed to determine its orientation. The dimer simulations show that the dimer interface is better preserved in POPC than in DLPC because POPC's greater hydrophobic thickness causes reduced flexibility of the C-terminal strands. Both monomer and dimer simulations show membrane thinning around PG-1, largely due to arginine-lipid interactions.
INTRODUCTION
Antimicrobial peptides, often referred to as host defense peptides, are usually 12-50 amino acids long and exist in all living organisms. They play a key role in host defense and innate immune response (1) . Due to their ability to kill a broad spectrum of pathogens like bacteria, viruses, and fungi, they are often considered as potential antibiotics (2) . Antimicrobial peptides adopt different secondary structures; except for those with b-hairpin conformations reinforced by interstrand disulfide bonds, they are mostly unstructured in solution and form a-helices or b-strands upon partitioning into membranes (3) . Antimicrobial peptides are rich in cationic residues such as arginine and lysine. It is the amphipathic characteristic of the peptides that enables them to interact with the pathogen membrane and kill the pathogen by releasing its cellular contents (4) .
Protegrin-1 (PG-1) is a b-hairpin antimicrobial peptide of 18 amino acids (RGGRL CYCRR RFCVC VGR) that was first discovered and purified from porcine leukocytes (5) . The solution NMR structure of PG-1 shows a b-hairpin structure with two antiparallel b-strands connected by a turn, which is stabilized by two interstrand disulfide bonds (Cys 6 -Cys 15 and Cys 8 -Cys 13 ) (6) . There are six arginine residues in PG-1: Arg 1 , Arg 4 , and Arg 18 at the terminal regions, and Arg 9 , Arg 10 , and Arg 11 at the turn region. The b-hairpin structure of PG-1 closely resembles a family of antimicrobial peptides that includes horseshoe crab tachyplesins and mammalian defensins (7) . Due to the broad range of antimicrobial activity of PG-1, it is considered a potential pharmaceutical agent (8) . Its activity largely depends on the lipid composition of the membrane (9) .
PG-1 appears to adopt different oligomeric states in different lipid bilayers. In 1,2-dilauroylphosphatidylcholine (DLPC) membranes, it remains a transmembrane monomer and its tilt angle (55 5 5 ) has been estimated based on solid-state NMR (SSNMR) measurement of 15 N and 13 CO chemical shifts of Val 16 (10) . In 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) bilayers, PG-1 shows concentration-dependent oligomerization and the minimal structural unit of PG-1 appears to be a dimer (11, 12) . The membranebound dimer structure in the POPC bilayers (Protein Data Bank (PDB) code 1ZY6) was determined by Hong and co-workers using rotational-echo double-resonance SSNMR (12) . Two C-terminal strands of the monomers align parallel at the dimer interface. In anionic membranes such as POPE/ POPG, PG-1 dimers form b-barrel pores of 8-10 molecules (13) . Due to a wealth of biophysical and structural data on PG-1, several computational studies have been carried out to gain a better understanding of PG-1 behavior on the surface and inside of membrane bilayers, as well as to examine the morphology and behavior of PG-1 oligomeric pore in anionic and zwitterionic membranes (14) (15) (16) (17) (18) . However, the mechanisms of membrane-dependent dimerization and oligomerization of PG-1 are still poorly understood.
To better understand the molecular driving forces underlying peptide association in different membranes, several questions need to be addressed. What is the orientation of the PG-1 monomer inside different types of lipid bilayers? More specifically, how does this orientation depend on PG-1 interactions with membranes? Furthermore, what types of interactions exist between the peptides, and between the peptide and the different environments? These questions are difficult to address by experimental techniques alone because of the limited resolution of such techniques and the experimental difficulties associated with membrane proteins/ peptides. To address these questions, we have performed comparative molecular dynamics (MD) simulations of PG-1 monomers and dimers in DLPC and POPC lipid bilayers for a total of 840 ns to investigate the orientations and interactions of PG-1 peptides in membranes at the atomic level.
METHODS

Simulations of PG-1 monomer in DLPC and POPC bilayers
The structure of PG-1 monomer was obtained by taking chain A from PDB 1ZY6 (12) using the PDB Reader module in CHARMM-GUI (http://www. charmm-gui.org) (19) with disulfide bonds and an amidated C-terminus. All arginine residues, as well as the N-terminus, were positively charged. The PG-1 monomer was oriented so that its principal axis was parallel to the membrane normal, i.e., the z axis, with the center of the membrane bilayer at z ¼ 0. The PG-1/membrane systems with DLPC and POPC bilayers were then generated using CHARMM-GUI Membrane Builder (20, 21) with 68 DLPC and 64 POPC lipid molecules, respectively. Each system was neutralized with 0.2 M KCl. To sample more conformational/configurational space of PG-1 in each bilayer, we generated a total of three independent systems (M1-M3) for each lipid type, using different lipid conformation/packing and ion distribution. The components of each system are given in Table S1 of the Supporting Material.
We performed 450-ps equilibration and 80-ns MD production of each system using the biomolecular simulation program CHARMM (22) with the simulation protocols used in the Membrane Builder (20, 21) . In this work, the Nose-Hoover method (23) was employed to maintain a constant temperature at 303.15 K, and the Langevin piston algorithm (24) was used for the NPgT (constant pressure, surface tension, and temperature) dynamics with pressure at 1 atm along the z direction and a surface tension of 20.0 dyne/cm (25, 26) . We have used the P2 1 periodic boundary condition (27) to allow the lipid molecules to move between the top and bottom leaflets of the bilayer during the simulations. Fig. S1 shows the initial and final structures of the first (M1) system in DLPC and POPC bilayers. After 20 ns of simulation, there was no big fluctuation in the system size or the lipid number in either lipid leaflet; the standard deviations of the system sizes in the xyz directions were <2.9 Å and those of the lipid number in each leaflet were <2.1. Therefore, all the average properties were calculated using the last 60 ns of each run.
Simulations of PG-1 dimers in DLPC and POPC bilayers
There are currently two PG-1 dimer structures available. Although a solution NMR study of PG-1 in micelles suggested an antiparallel dimer structure with both C-terminal strands in the dimer interface (28), the dimer structure of PDB 1ZY6, determined by rotational-echo double-resonance SSNMR (12) , shows a parallel dimer structure with both C-terminal strands in the dimer interface. In this study, we only considered the parallel dimer for the simulations in DLPC and POPC bilayers. Therefore, the dimer structure was taken from PDB 1ZY6 with the same protonation state and terminal patches as those used in the monomer simulations. We followed the procedure described above to build three independent PG-1 dimer/membrane systems (D1-D3) with 78 DLPC and 74 POPC lipid molecules. The components of each system are given in Table S1 . Equilibration and 60-ns production were performed using the same simulation protocols as in the PG-1 monomer simulations. Fig. S1 shows the structures in the first system in DLPC and POPC bilayers. After 20 ns of simulation, there was no big fluctuation in the system size or in the lipid number in either of the lipid leaflets; the system size standard deviations in the xyz directions were <2.4 Å and those of the lipid number in each leaflet were <2.2. Therefore, all the average properties were calculated using the last 40 ns of each run.
PG-1 orientation
The orientation of PG-1 in the membrane is defined by the tilt angle (t) and the rotation angle (r). The definitions of t and r are the same as in Lee et al. (29) . Briefly, t is defined as the angle between the hairpin axis (a) and the unit vector (b z) along the z axis, i.e., the membrane normal (Fig. S2 A) :
To define r uniquely, one has to choose both external and internal references. By using the z axis as the external reference and the backbone N atom of Cys 6 as the internal reference, r can be defined as the angle between the perpendicular vector, r s , from a to the N atom and the projection vector, r p , of the z axis onto the plane made by the second and third principal axes (Fig. S2 B) :
where r s and r p are normalized. Therefore, each t and r pair yields a unique PG-1 orientation in the membrane.
RESULTS
PG-1 monomer in DLPC and POPC bilayers
Monomer orientation Fig. 1 shows the distributions of tilt (t) and rotation (r) angles of PG-1 in each DLPC and POPC membrane system. The t-values range from 0.4 to 54.6 in the DLPC membranes, which is similar to a previous MD study (18) . The average t of each system is 31.4 5 6.9 (M1), 26.7 5 6.7 (M2), and 16.9 5 5.7 (M3). The average value in M3-DLPC was largely affected by the small tilt angles in the first half of the simulation. However, it started to increase from 40 ns (Fig. S3 A) . During the last 20 ns, the average tilt angle increased to 21.7 5 4.7
. Hong and co-workers estimated a tilt angle of 55 5 5 based on a rigid-body geometric search of t and r of solution NMR structures to best reproduce SSNMR 15 (10) . Although PG-1 visited such large tilt angles sporadically during the simulations, the calculated average tilt angles are much smaller than the experimentally estimated tilt angle. Such discrepancy appears to arise from neglecting conformational flexibility and insufficient number of SSNMR observables in the SSNMR structure determination (see below).
The accessible tilt-angle range in the POPC membranes is smaller relative to that in DLPC (Fig. 1) . Recently, we demonstrated that the thermally accessible tilt angles of an isolated transmembrane (TM) helix are determined by both the generic helix precession entropy contribution and the sequence-and length-specific helix-membrane interactions (30) . Since the former is the same in both Biophysical Journal 97(3) 787-795 DLPC and POPC membranes, the difference in PG-1 tilting stems from the latter, particularly due to the difference in the membrane hydrophobic thickness. Based on x-ray scattering experiments, the hydrophobic thickness of pure DLPC bilayers is~21 Å (31) and that of pure POPC membranes is~28 Å (32). The hydrophobic length of PG-1 is~30 Å based on the solution NMR structure (6) . To maximize the hydrophobic interactions between PG-1 and membranes, PG-1 tilts more in DLPC than in POPC, which is also observed as a major response of single-pass TM helices to a hydrophobic mismatch (30) .
There are a couple of interesting features about the rotational preference of PG-1 monomer in both membranes. First, r converges to~À120 in all the DLPC and POPC systems (Fig. S3 B) . Given the rotation angle definition, the negative rotation angle represents a PG-1 structure with two disulfide bonds facing down with respect to the hairpin plane (Fig. S2 B) . Second, as shown in the DLPC simulations, there is a strong correlation between t and r: t becomes larger when r / À120
, t becomes smaller with positive r-values, and t remains in between when r is close to 0 or 180 . For example, in the beginning of the M3-DLPC system, t was considerably smaller than in the two other systems and its r hardly visited negative values, but this system eventually evolved to where r z À120
and t was comparable to that of the other systems ( Fig. S3 A) . Our recent potential of mean force (PMF) calculations of PG-1 as a function of t and r in the EEF1/IMM1 implicit membrane model (29) show that the thermally accessible rotation angles can reach from À70
to À130 , with the minimum free energies at r z À90
, whereas the accessible tilt angles range from 0 to 22 and 18 to 34 , depending on the choice of implicit hydrophobic membrane thickness. Both the PMF calculations and the present MD simulations demonstrate that PG-1 monomer strongly prefers a r of~À90 in membranes. Such a rotational preference appears to arise from the side-chain positions of the aromatic residues. shows the side chain of Tyr 7 positioned mostly in the membrane hydrophobic region (Fig. 2 A) , and increasing t will be energetically unfavorable. Therefore, it becomes clear why larger tilt angles are observed when r z À90
, and why PG-1 strongly prefers to have smaller tilt angles otherwise. (10) . We calculated the chemical shifts for all the structures in the DLPC trajectories to examine the dependence of the calculated chemical shifts on the orientation and dynamics of PG-1 in the DLPC membranes: (10) . Fig. 1 , Top shows all the PG-1 conformations of the DLPC systems in the t and r space, and the structures in which d s < 4 ppm are highlighted. The tilt angles of these structures vary from 7.9 (M3) to 49.8 (M1). Most of these structures have negative rotation angles around À120
. The only four structures with t close to 50 are found in M1-DLPC. The values of t and r in these structures are 47. 7 and À117.1 , 45.1 and À128. 8 , 49.8 and À128.1 , and 46.3 and À123.2 , respectively, which correspond roughly to the model proposed by the rigid-body geometrical search (10) . Despite the four structures in system M1, most structures with d s < 4 ppm have tilt angles smaller than that estimated experimentally (55 5 5 ). We also calculated the chemical shifts for the solution NMR structures of PG-1 (PDB 1PG1) (6); the 20 NMR structures are tilted every 1 and rotated every 5 to sample the t and r space. The orientation of structures having d s < 4 ppm are recorded and plotted in Fig. S5 . The tilt angle varies from 24 to 54 . It is interesting that the accessible tilt-angle range is similar to the PG-1 monomer simulations in DLPC bilayers (Fig. 1, Top) . However, the rotation angles of these structures are clustered in two different ranges: 115 to 180
and À180 to À155 , whereas the r range in the simulations is mostly from À80
to À180 . The difference may arise from the sampling method of the t and r space; the dynamic properties of the peptide in membranes are considered explicitly in the simulations (Fig. 1, Top) , but not in the rigid-body orientation search (Fig. S5) . This result again illustrates the difficulty in determining the PG-1 orientation solely based on the rigid-body geometrical search. Therefore, it may not be adequate to construct a model simply based on the rigidbody geometrical search, especially when the number of chemical shifts is limited.
The (Fig. 3 A) . The H-bonds play an important role in maintaining the secondary structure of the peptide, which is crucial to the antimicrobial activity (35) . In this analysis, a hydrogen bond (DÀH/A) is defined by an H/A distance <2.8 Å and a DÀH/A angle >120
. To monitor the variations of H-bonding patterns, we calculated the H-bond fraction f ¼ N calc =N total , where N calc and N total are the numbers of instantaneous and total possible H-bonds, respectively. The H-bond fraction in each system remains~0.8, except in the case of M1-POPC and M2-POPC (Fig. S6 A) . The loss of H-bonds takes place mostly in the turn and the terminal region (Table S2) , possibly due to higher flexibility in these regions. Table S2 summarizes the occupancies of the backbone H-bonds inside PG-1 monomer. Each trajectory is sampled every 6 ps to give a reasonable resolution of H-bond gain and loss. H-bonds with occupancy >0.15 are considered significant and listed in Table S2 . Generally, the occupancies of H-bonds in the middle of the b-hairpin strands are higher Biophysical Journal 97(3) 787-795 than those at the ends. The two disulfide bonds maintain these H-bonds in the middle of the strands (Fig. 3 A) . Notably, in DLPC bilayers, the amide hydrogen of Arg 18 readily forms H-bonds with the carbonyl oxygen of Gly 3 in the N-terminal strand. The occupancies of Arg 18 -Gly 3 H-bonding are 0.8 (M1) and 0.9 (M3) in the DLPC bilayers. In the POPC bilayers, the H-bond between the backbone of Arg 18 and Gly 3 only appears in system M3 with the occupancy of 0.5. It can be inferred that in DLPC bilayers, the C-terminal strand of the peptide is bent toward the N-terminal strand in the PG-1 monomer. The same bending of the C-terminal strand is also observed in previous PG-1 simulations in a DLPC bilayer (18) .
Peptide-environment interactions
The primary interactions between PG-1 and the environment are electrostatic, including H-bonding. We characterized H-bonds between the backbone amide hydrogen atoms and the oxygen atoms in the lipid headgroups. The H-bonds with occupancy >0.15 are summarized in Table S3 . Notably, in DLPC bilayers, Arg 4 , Cys 6 , and Cys
15
, which are in the middle of the b-hairpin, are able to form H-bonds with DLPC headgroups (Fig. 3 A) . However, in the POPC bilayers, most H-bonds are formed between residues at the terminal and turn regions of PG-1 and the lipid headgroups (Fig. 3 C) . Two factors can contribute to such discrepancy in H-bonding patterns: the hydrophobic thickness of the bilayers and the different tilt angles of the PG-1 monomer in the two bilayers. First of all, since the hydrophobic thickness of the DLPC bilayers is smaller than that of POPC, more H-bond acceptors in the lipid headgroups are accessible to the H-bond donors in the middle of the b-hairpin strands. Moreover, PG-1 tilts more in DLPC bilayers than in POPC bilayers, so that the distance between the donors in the middle of the b-strand and the acceptors in the lipid headgroups is closer, further enabling H-bond formation. Therefore, in the DLPC membrane, PG-1 prefers to remain a monomer because of the H-bonds between the peptide and the lipid molecules. However, in the POPC membrane, the hydrophobic thickness is larger, so that PG-1 tilts less and the donors in the middle of the b-strand cannot stay within H-bonding distance of the H-bond acceptors in the lipid headgroup region. Thus, these free H-bond donors may prefer to form H-bonds with acceptors provided by another PG-1 monomer and form a dimer, suggesting that the free H-bond donors in the middle of the b-strand are crucial for dimer or oligomer formation in POPC.
Other major interactions are found between positively charged arginine guanidinium groups and both lipid headgroups and water molecules. The interaction between the guanidinium group and the phosphate group is ionic. However, the guanidinium group can also form H-bonds with both water and lipid headgroups. The average contact number of the guanidinium group and the environment is calculated with a distance cutoff of 4.5 Å . Fig. 4 shows the average contact numbers of the guanidinium groups. There are~20 pairs of interactions for each guanidinium group with both lipid and water molecules, indicating that the guanidinium groups are locating at the hydrophobic/hydrophilic interface, as shown in Fig. S7 . By calculating the contact number ratio, u, between guanidinium-lipid and guanidinium-water interactions, it is observed that Arg 4 , Arg 9 , Arg 11 , and Arg 18 interact with more lipid molecules than water molecules (u > 1). The four arginines appear to play an important role in anchoring the PG-1 peptide inside the lipid bilayers. In particular, the contact ratio of Arg 4 with lipid and water molecules differs largely in different lipid bilayers. In the DLPC bilayers, u is 1.57 (M1), 1.12 (M2), and 1.52 (M3). However, as the hydrophobic thickness of the bilayers increases, u increases to 4.06 (M1), 2.49 (M2), and 3.52 (M3) in the POPC bilayers, suggesting that the Arg 4 guanidinium group is submersed in the lipid bilayers. Unlike the arginines at the terminal and turn regions, the flexibility of the Arg 4 side chain is relatively small. As the hydrophobic thickness increases from 21 Å in the DLPC bilayers (31) to 28 Å in 
Membrane thinning effects in monomer systems
Membrane thinning was measured upon the concentrationdependent aggregation of the PG-1 peptide on the surface of the DPhPC (1,2-diphytanoylphosphatidylcholine) bilayers using lamellar x-ray diffraction (36) . The average thinning is suggested to be 1.5 Å when the PG-1 monomer concentration is below the insertion threshold. However, there is no direct experimental measurement for membrane thinning around PG-1 inside the lipid bilayers. Previous SSNMR studies have suggested a local membrane thinning around a PG-1 monomer in a DLPC bilayer based on a hydrophobic mismatch between the PG-1 model with a tilt of 55 5 5 and the DLPC hydrophobic thickness (10) . To investigate local membrane thinning by PG-1 monomer, the average membrane hydrophobic thickness is defined as the average distance between C2 atoms (the carbon that connects the two aliphatic chains to the carbon leading to the phosphate) in the top and bottom leaflets. Local membrane thinning is then defined as the difference between the thickness of the lipid molecules that have any heavy atoms within 4 Å from PG-1 and the thickness of the rest of the lipid molecules (bulk lipid bilayers). The average thinning is 3. (15, 16, 18 show that these residues have higher contacts with lipid molecules, indicating that the guanidinium groups are closer to the membrane hydrophobic core. The attractive interactions between the guanidinium groups and the phosphate groups pull the lipid headgroups into the membrane hydrophobic region and cause membrane thinning around PG-1. Moreover, the local membrane thinning appears to be slightly larger in POPC than in DLPC. The difference arises from the buried depth of the guanidinium group of Arg 4 . In the POPC bilayers, PG-1 has a smaller tilt angle. The guanidinium group of Arg 4 , which is close to the center of the b-strand, gets buried deeper in the hydrophobic tails of the lipids. The phosphate groups interact with the Arg 4 guanidinium group and bend into the hydrophobic region, causing a slightly larger local membrane thinning in POPC bilayers.
These analyses also clearly demonstrate that membrane thinning around PG-1 does not arise directly from a hydrophobic mismatch between PG-1 and the membrane hydrophobic thickness. Rather, the thinning results from the relative position change of guanidinium groups in the lipid bilayers.
PG-1 dimer in DLPC and POPC bilayers
Dimer stability in the bilayers PG-1 adopts different oligomeric states in different environments. It appears as a monomer in aqueous, dimethyl sulfoxide solution, and in DLPC bilayers (6, 37, 38) . However, PG-1 dimerizes in dodecylphosphocholine micelles and POPC bilayers (28, 38) . Based on the SSNMR distance measurement, Hong and co-workers suggest an NCCN parallel packing of the membrane-bound dimer in POPC bilayers (11, 12, 34) , i.e., the C-terminal strands of the monomers are at the dimer interface. Fig. 3 shows the topological arrangement of the NCCN dimer and the proposed H-bonds. Six potential H-bonds can be formed between the monomers. Fig. 5 shows the H-bond fractions between the monomers. The fractions in the DLPC bilayers fluctuate between 0.4 and 0.8, with four H-bonds remaining intact on average. The fluctuation is also observed in the POPC-containing systems; however, the average fraction is 0.8, indicating that all H-bonds but one were maintained during the simulations. It can be inferred that the dimer interface is more stable in POPC than in DLPC. In addition, severe H-bond loss appears to take place inside the monomers in each DLPC dimer system during the simulation (Fig. S6 B) . However, the loss of intramolecular H-bonds is much smaller in the POPC dimer systems, which also suggests that PG-1 dimer is more stable in the POPC bilayers.
To further examine this difference in stability, we investigated other possible intermolecular backbone H-bonds. The results are summarized in Table S4 . As mentioned above, and Cys 15(B) and between Gly 17(A) and Gly 17(B) at the terminal region of the dimer, where the letter superscripts represent monomers A and B. The H-bond occupancy between the peptide backbone and the lipid molecules, shown in Table  S5 , reveals that in the DLPC bilayers, Gly 17 and Arg 18 of each monomer tend to form H-bonds with lipid headgroups because of the smaller hydrophobic thickness. As a result, the C-terminus of each monomer in the dimer is quite flexible in DLPC bilayers. Instead of forming H-bonds between the monomers, these terminal residues prefer to H-bond with lipid phosphate groups. On the other hand, in the POPC bilayers, the C-terminal region of each PG-1 monomer is immobilized due to the larger hydrophobic thickness. Therefore, the PG-1 monomers in the POPC bilayers have a better-preserved dimer interface.
Orientation of the PG-1 dimer in DLPC and POPC bilayers
The cytotoxicity of PG-1 is believed to be the result of oligomeric pore formation (13) . According to the 19 F and 1 H spin diffusion experiment, PG-1 dimer is the minimum structural unit of the pore (11) . The membrane-bound PG-1 dimer model was proposed using SSNMR technique in POPC bilayers (12) . However, the orientation of the dimer with respect to the membrane remains unsolved. In other words, it is not known how PG-1 dimers assemble to form an oligomeric pore. Motivated by this question, we calculated t and r of each monomer in the PG-1 dimer in DLPC and POPC bilayers (Fig. S8) . When combining the trajectories in all the DLPC systems, t varies from 0 to 48.9 . In the POPC bilayers, the variation of t is smaller, with a range from 0 to 34.9 . The average t of each monomer in DLPC is 23. (D2), and 14.4 5 3.5 /13.9 5 3.7 (D3). As in the case of monomer systems, the large t in DLPC bilayers arises from the smaller hydrophobic thickness.
It is interesting that the r of each monomer in the dimer differs from r in the unassociated monomer in the DLPC and POPC bilayers. Instead of having a negative rotation angle, each monomer happens to adopt r with positive values, i.e., the disulfide bonds are pointing upward due to PG-1 dimerization (Fig. S6) . The two monomers in the dimer have their disulfide bonds pointing in different directions with the NCCN parallel dimer packing. As discussed above, a monomer with rotation angles of r < 0 has a higher propensity to tilt. The positive r angle, on the other hand, restrains each monomer from having a large tilt angle so that the dimer interface can be preserved. As shown in Fig. S8 , the rotation angles of the monomers converge to 90 in the DLPC systems and 0 or 180 in the POPC systems. Such convergence is not observed for monomer A in systems D1-POPC and D3-POPC, which appears to be the result of the small tilt angle of the monomer in these two systems. Following the definition of r, r z 0 or 180 represents a sidewise-tilting orientation of the peptide. We speculate that the sidewise tilting may also present in the dimer unit of PG-1 oligomeric pore in membrane, i.e., that each strand in the b-barrel pore may have a specific tilt angle, as seen in other transmembrane b-barrel pores (39).
Dimer-environment interactions
The H-bond interactions between the PG-1 backbone and lipid headgroups are summarized in Table S5 . H-bonding patterns are similar to those observed in the monomer systems. In the DLPC bilayers, Gly 17 and Arg 18 form H-bonds with the lipid headgroups. However, such H-bonding patterns are not observed in the POPC systems (Fig. 3, B and D) . This is largely due to the hydrophobic thickness of the bilayers, as well as the peptide tilting, as discussed previously.
Moreover, 12 guanidinium groups in the dimer reveal strong electrostatic interactions with the lipid headgroups. The contact numbers of the guanidinium group and the environment are measured using the same criterion used in the monomer case. Fig. S9 shows the normalized contact number for each arginine guanidinium group. The guanidinium groups are solvated by water and lipid molecules. The average contact number is~20, which is comparable to that in the PG-1 monomer systems. The contact ratio, u, between guanidinium-lipid and guanidinium-water interactions shows that, similar to the contact ratio in the PG-1 monomer systems, Arg 4 , Arg 9 , and Arg 18 have closer contacts with the lipid molecules (u > 1). These arginines may be essential in stabilizing the PG-1 dimer in the membranes. Among these arginines, the contact ratios of Arg 4 and Arg 18 guanidinium groups increase as a result of increasing membrane thickness. These guanidinium groups are close to the middle of the dimer b-strands. As the bilayer thickness increases, these guanidinium groups are submerged in the hydrophobic region of the bilayers and pull the lipid headgroups toward the bilayer hydrophobic core, which results in membrane thinning around the dimer.
Membrane thinning effects in the dimer systems
Membrane thinning around the PG-1 dimer was calculated for all the dimer systems using the same definition as in the PG-1 monomer systems. Local membrane thinning in the PG-1 dimer system is 2.7 5 1.0 Å (D1), 3.9 5 1.0 Å (D2), and 4.3 5 1.1 Å (D3) in the DLPC bilayers and 6.2 5 1.0 Å (D1), 4.3 5 1.2 Å (D2), and 5.3 5 1.3 Å (D3) in the POPC bilayers. Greater thinning is observed in the POPC bilayers than in the DLPC bilayers. Besides the difference in hydrophobic thickness, such a difference in thinning also arises from the NCCN dimer packing. In the NCCN packing model, the center of mass of each monomer is at different positions along the membrane normal (Fig. 3, B and D) . With such an arrangement, arginines at the terminal region and turn region of different monomers are closer to the membrane hydrophobic core, causing the surrounding lipid headgroups to bend toward the bilayer hydrophobic core due to the electrostatic interactions between these guanidinium groups and lipid phosphate groups. As a result, there is greater membrane thinning around the PG-1 dimer in the POPC bilayers.
DISCUSSION
We performed a total of 840 ns of comparative MD simulations of PG-1 monomers and dimers in explicit DLPC and POPC lipid bilayers. The trajectories were analyzed to investigate the peptide orientation in the membranes, as well as the peptide interactions in/with the membranes. The major findings of our simulations are summarized and discussed below.
We observed that the tilt angle of PG-1 is dependent on both the membrane hydrophobic thickness and the rotation angle of the peptide (Figs. 1, Fig. S3, and Fig. S8 ). In the DLPC bilayers with smaller hydrophobic thickness, PG-1 exhibits a larger tilt angle to minimize the mismatch between the hydrophobic residues and the membrane hydrophobic region. On the other hand, a negative rotation angle (r z À120
) is preferred for large PG-1 tilting due to favorable interactions between the lipid molecules and the side chains of Tyr 7 and Phe 12 (Figs. 2 and Fig. S2, Fig. S3 , and Fig. S4 ). Our finding is also consistent with previous twodimensional PMF calculations of PG-1 as a function of t and r in the EEF1/IMM1 implicit membrane model (29) . In the PG-1 dimer simulations, a sidewise tilting pattern of the monomers in the POPC bilayers is observed. We speculate that the b-strands may exist in such orientation in the proposed PG-1 b-barrel pore (12, 40) . Moreover, by comparing the 15 N and 13 CO chemical shifts of Val 16 for all PG-1 monomer structures in the DLPC bilayers with the experimental values (10), we found that there were several structures that agreed well with the experimental chemical shifts, but that only four of them had t and r similar to the model previously proposed based on the rigidbody geometrical search (10) . Further experimental and computational works are needed to better understand the influence of PG-1 dynamics in membranes on the SSNMR observables.
In addition, H-bonding analyses reveal that dimerization of PG-1 in POPC is related to larger membrane hydrophobic thickness (Figs. 3 and 5) . In the DLPC bilayers with smaller hydrophobic thickness, the H-bonds are formed between the acceptors in the lipid headgroups and the backbone amide hydrogen close to the middle b-strands, resulting in a structurally favorable monomer. As the hydrophobic thickness increases, the accessible H-bond acceptors in the lipid headgroups decrease. Instead of forming H-bonds with the acceptors in the lipid headgroups, these donors prefer to form H-bonds with another PG-1 monomer. Although the detailed energetics of PG-1 dimerization (with different PG-1 dimer interfaces) in membranes with different hydrophobic thickness need more extensive PMF calculations, the MD simulations presented here clearly indicate that the PG-1 dimer has a higher degree of association in POPC bilayers than in DLPC bilayers, as observed in the experiments.
Furthermore, by calculating the average contact numbers and ratios for arginine guanidinium groups, we demonstrate that the guanidinium-lipid interactions are crucial to stabilizing PG-1 in lipid bilayers as well as to the local membrane thinning effects (Fig. S7 and Fig. S9) . We have also shown that the more significant membrane thinning is related to the relative position of the guanidinium groups with regard to the lipid bilayers. The PG-1 dimer systems in the POPC bilayers have the largest membrane thinning effects. It is feasible that greater thinning may occur in the PG-1 oligomeric pore in anionic membrane such as POPE/POPG bilayers due to the larger hydrophobic thickness, as well as the negatively charged lipid headgroups.
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